Many arable soils have significant horizon-specific gravel content levels. Just how these influence compaction behaviour, and in particular precompression stress as an important criterion of a soil's susceptibility to compaction, has yet to be sufficiently clarified. This article is intended to contribute towards answering this question. Firstly, three different fine earths, from the "Clay", "Silt Loam" and "Sandy Loam" soil texture classes were mixed with staggered proportions (0, 10, 20, 30, 40% by volume) of a quartz gravel (the shape of which was subrounded to rounded, average weighted diameter 6 mm). Soil core samplers were filled with the mixtures at a typical density for a natural site. In the case of the 30% by volume variant only, in addition to the quartz gravel an angular to subangular limestone gravel with the same size graduation was also used. The tests were supplemented by 20 samples from a natural site; the gravel content of these varied between 0.1 and 23.5% by volume. All of the disturbed and natural samples were adjusted to a water content at a matric potential of − 6 kPa. Subsequently, an oedometer test was used to apply loads to them in stages (5-550 kPa). Precompression stress was calculated using the resulting stress-bulk density functions. While fine earth bulk density remained constant, the staggered addition of quartz gravel led to an increase in the whole soil density after packing, and thus also to a vertical shift in overall stress-bulk density functions. However, the stress-density functions of the fine earth do show that the overall compaction of fine earth decreased as gravel content increased. In the case of low gravel content levels of no more than 10% by volume, the increase in precompression stress (log) in the disturbed samples was, on the whole, very low. In the disturbed samples, however, as gravel content increased precompression stress (log) increased exponentially. Contrary to this, a continuous linear increase in precompression stress (log) could be observed with increasing gravel content in the natural samples. The angular to subangular shape of the gravel only resulted in greater precompression stress (log) in the "Silt Loam". At gravel-rich sites, gravel content influences soil compaction behaviour and precompression stress very strongly. For this reason, it is essential that it be considered when assessing such sites' risk of compaction damage.
Introduction
Many soils contain varying horizon-specific amounts of gravel. A data-set by Batjes (1997) based on FAO-UNESCO soil units includes C-class (6-15 vol.%) gravel content levels for phaeozems and yermosols, M-class (16-40 vol.%) gravel content levels for lithosols, regosols and rankers as well as A-class (> 41 vol.%) gravel content levels for rendzinas. Re-cultivated soils, for instance following an open-cast tunnel construction (Kaufmann et al., 2009) , can also have average gravel content levels. The distribution of gravelly soils varies highly from region to region. In Western Europe, according to Poesen and Lavee (1994) , it is mostly Mediterranean areas that are characterised by large amounts of gravelly soils, although gravelly soils can often also be found in Europe's low mountain ranges.
The external shape and the quantity of the gravel in these soils vary considerably. A distinction is made between angular, subangular, subrounded, rounded and well rounded shapes (Mitchell and Soga, 2005) . Gravel includes all particles larger than 2 mm. In addition to actual gravel (USDA system: diameter of 2-76 mm), cobbles (USDA system: diameter up to 254 mm) can also be found at arable sites. Only in exceptional cases is arable farming practised on soils with a high proportion of stones larger than 254 mm in diameter. Apart from affecting root penetration behaviour (Babalola and Lal, 1977) , infiltration properties (Brakensiek and Rawls, 1994) and the water retention curve (Ingelmo et al., 1994) , gravel content in the soil matrix also has an impact on a soil's mechanical properties.
Until now, studies examining the impact of gravel content and its shape on the compaction behaviour of soils have largely only been conducted using Proctor tests, or modified procedures based on these (e.g., Chinkulkijniwat et al., 2010; Donaghe and Torrey, 1994) . The purpose of most of these studies was to determine the maximum achievable dry bulk density and water content for optimum compaction of the soil material, for example in the context of construction work. As gravel content increases so does the maximum achievable dry bulk density, while the optimum water content for compaction drops (Chinkulkijniwat et al., 2010) .
However in soil science, specifically concerning protecting soil from compaction, it is important to know the maximum mechanical load capacity of a soil at which essential soil functions (e.g., hydraulic and air conductivity) are still adequately preserved. This question applies particularly to arable farming sites where agricultural machinery with a constantly increasing weight is used. Oedometer tests are thus performed in order to map a soil's stress-strain behaviour. In these experiments, the soil sample, which is adjusted to a specific matric potential (e.g., −6 kPa), is subjected in stages to increasing loads, and the resulting settlement accurately measured. Details about how these experiments are performed can be found in Bradford and Gupta (1986) . The resulting stress-settlement curves identified in a semilogarithmic graph, or indeed stress-dry bulk density curves or stressvoid ratio curves of pre-compacted soils derived from these, can be used to determine precompression stress. In soil mechanics, this is a direct criterion of a soil's susceptibility to compaction (Arvidsson and Keller, 2004) . According to Topp et al. (1997) , precompression stress corresponds to the maximum stress that has acted on the soil in the past, if it is determined under the same load conditions. In the topsoil layer, it results from pressure exerted when machinery is driven over the ground, from tillage activity aimed at loosening the soil and from the formation of microstructures caused by drying and shrinkage processes, the effects of frost and biogenic aggregate formation. In the subsoil, precompression stress is also due to the load from overlying soil layers as well as previous coverings of ice.
So far, there have been only very few results on the effect of soil gravel content on precompression stress, and at times these contradict each other. For example, Horn and Fleige (2003) report higher precompression stress as gravel content increases, whereas Kaufmann et al. (2009) describe a negative effect of gravel content in multiple regressions. The aim of this study is, therefore, to investigate the question of just how an increasing gravel content and different gravel shapes affect precompression stress and compaction behaviour in soils of different texture classes.
Materials and methods

Preparation of artificial samples
The experiments were based on artificial soil core samples with three fine earths from different soil texture classes (Table 1) . Only by preparing disturbed samples is it possible to exclude naturally occurring variability, particularly that of fine earth bulk density. The soil was extracted in the field using a small shovel. It was then carefully divided using a sieve with an opening size of 20 mm; until the experiments were carried out, the soil was stored in closed buckets and kept cool. Variants with gravel contents (GRs) of 0, 10, 20, 30 and 40% by volume were created for each soil type (8 soil core samplers per variant). According to Holtz and Lowitz (1957, as cited in Donaghe and Torrey, 1994) , gravel particle diameter in soil-gravel mixtures should not be larger than 1/5 to 1/6 of the compaction mould diameter. The soil core samplers used in this study (volume 220 cm 3 ) have a height-to-diameter ratio of 1:3.6 (28 mm high, 101 mm in diameter). For this reason, a very fine quartz gravel (particle density 2.64 g/cm 3 ) with an average weighted diameter of 6 mm was used (particle size distribution 65 g kg −1 at a size of 8-10 mm, 714 g kg −1 at a size of 5-8 mm and 221 g kg −1 at a size of 2-5 mm). In this way the size ratio of the gravel -not only to the diameter but also to the height of the soil core samplers -is kept largely uniform. The shape of the gravel was subrounded to rounded ( Fig. 1) . Additionally, in the variant with 30% gravel by volume, all three fine earth soil core samples were created with limestone gravel (particle density 2.72 g/cm 3 ), which has an angular to subangular form and the same size graduation as with the quartz gravel (Fig. 1) . It was not possible to use the limestone gravel for all the gravel content variants, because not enough limestone gravel with the same properties was available.
Table 1
Description of the test soils for the disturbed and naturally extracted samples, USDA classification system (Gee and Bauder, 1986) (Gee and Bauder, 1986 At natural field water contents of 224 g kg −1 (Clay), 226 g kg
(Silt Loam) and 198 g kg −1 (Sandy Loam), the fine earths were mixed uniformly with the dry quartz gravel or limestone gravel and then added to the soil core samplers. In keeping with previous studies on natural sites (Rücknagel et al., 2007 (Rücknagel et al., , 2012a , the fine earth density was 1.15 g/cm 3 for the "Clay", 1.30 g/cm 3 for the "Silt Loam" and 1.40 g/cm 3 for the "Sandy Loam", and was the same for all of the gravel content variants within each texture class.
Extraction of naturally occurring samples
To verify the experiments on the disturbed samples, a total of 20 soil core samples were extracted from a naturally formed gravelly topsoil (9-12 cm) at an arable site in Rastenberg (Germany, Federal State of Thuringia). The average clay and sand contents in the samples were 220 g kg − 1 clay (150-280 g kg − 1 ) and 180 g kg
sand (70-350 g kg − 1 ) (soil texture class "Silt Loam"), and the amount of soil organic carbon was 16 g kg − 1 (11-21 g kg − 1 ). In addition to the soil texture and the amount of organic carbon, the fine earth measuring b2 mm from each soil core sampler was examined for its calcium carbonate content and pH value. The site was chosen because, while the texture of the fine earth remains similar, the gravel content in the form of limestone gravel (angular to subangular shape) varies locally between 0.1 and 23.5% by volume and the mean weighted diameter of the gravel is just 10 mm (particle size distribution 41 g kg −1 at a size of 20-22 mm, 410 g kg −1 at a size of 10-20 mm, 140 g kg −1 at a size of 8-10 mm, 208 g kg −1 at a size of 5-8 mm and 201 g kg −1 at a size of 2-5 mm). This is the prerequisite for using standardised soil core samplers of the aforementioned size. After the soil compression tests and once the dry bulk density had been determined, wet screening was performed to determine the gravel content and size distribution. When taking the samples, special care was taken to minimise any disturbance to the natural soil structure caused by hammering the soil core samplers in. In the case of the samples with high gravel content, it was not possible to simply hammer the soil sample rings into the ground. This was because non-visible gravel beneath the rings could have caused the soil to become loose. For this reason, a knife was used to cut the soil samples to a diameter of 100 mm (which corresponds to the diameter of the soil sample rings) so as not to loosen the gravel. A soil sample ring was then positioned around the soil sample, before the sample was removed from the ground and the top and bottom edges cut off cleanly. Since this procedure was not always successful straightaway, significantly more soil samples were prepared than could ultimately be used for the experiments.
Soil compression tests
The soil samples (disturbed or natural, extracted samples) were saturated and then adjusted to a matric potential of − 6 kPa in a sand box. In German-speaking countries, this matric potential corresponds to field capacity. The soil samples in the core were subjected to pressures of 5, 10, 25, 50, 100, 200, 350 and 550 kPa successively in a fully automatic oedometer. After each loading step, a relaxation phase was included. Each loading step lasted 180 min and was followed by a relaxation phase lasting 15 min. In previous tests on soils of similar texture classes, for loading times of up to 540 min only very slight increases in settlement were measured in comparison to 180 min. Therefore, settlement can be regarded as largely finished after 180 min. However, just how matric potential changed during the soil compression tests was not measured. All tests took place under drained conditions. After drying the sample cores at 105°C until the sample mass remained constant, the dry bulk density (BD) was determined after treatment in the oedometer.
Using the settlement (S) of the sample after each loading step compared to its initial height (H) as well as the density of the whole soil at the beginning of the experiment (BD t ), it is possible to calculate the resulting density of the whole soil for each loading step (BD t xi ):
In order to also be able to consider the deformation of the fine earth without the incompressible gravel content, the dry bulk densities of the fine earths (BD fe ) were calculated. This requires the fine earth mass per soil core sampler (m fe ) as well as the soil core sampler volume minus the volume of the gravel (V GR cor. ):
Mechanical precompression stress was determined according to Casagrande's (1936) graphical method, using the whole soil stressbulk density functions and the stress-bulk density functions of fine earth in a semi-logarithmic graph. A tangent against the highest point of the curvature and a parallel to the abscissa are drawn. The point of intersection of the bisector of the angle between these two straight lines and the virgin compression line describes the precompression stress. Casagrande's (1936) graphical method involves a subjective assessment by the experimenter, who not only determines the point of the highest curvature visually but also decides which points should be used for generating the virgin compression line. Involving several independent persons can serve to further improve the variance values, and thus also the reproducibility and comparability of the obtained results (Rücknagel et al., 2010) . For this reason, in this study precompression stress was determined by two independent experimenters. An average was calculated using the two logarithmic precompression stress values.
Statistical analysis
The programme Statistica (StatSoft, Inc., 2009) was used for the variance analyses (ANOVA) and subsequent comparisons of mean values (Tukey's test or t-test), the derivation of regression and correlation relationships, the calculation of standard deviations and the presentation of box plots. Significance levels of p b 0.05 are highlighted with different lower-case letters. The coefficient of determination and the p value are provided for the regression equations. The standard deviation (s) is calculated using the sum of the squared deviations (SQs) and the total number of repeated measurements (n) based on the following formula:
Precompression stress was used in logarithmic form throughout, since the parameter of precompression stress displays a frequency distribution with a right skew when the unit 'kPa' is employed. This is shown, for example, by combining the data-sets by Lebert (1989) and Nissen (1998) .
Results
3.1. Gravel content in disturbed soil samples 3.1.1. Stress-density curves
The impacts of different gravel contents on stress-density behaviour in the whole soil and on stress-density behaviour in the fine earth are explained in more detail here using the example of the "Clay" soil. Generally speaking, the other two fine earths used display similar effects. Adding 10, 20, 30 or 40% quartz gravel by volume whilst keeping the fine earth's dry bulk density at a level typical of a natural site (1.15 g cm ), initially results in increased dry bulk density in the whole soil, and thus to a downward shift of the entire stress-density functions (Fig. 2) . With increasing gravel content, a continuous change can be observed in the fundamental shape of the stress-density functions of the whole soil, moving from an S-shaped to a bi-linear curve and, finally, to a rounded shape. Such changes can be observed in the case of fine earth as well (Fig. 3) . The stressdensity functions of both the whole soil and the fine earth can be divided up into a recompression portion and a virgin compression portion, enabling the calculation of mechanical precompression stress. However, they do show that the overall compaction of fine earth decreases as gravel content increases. For example, the fine earth densities decrease during the highest loading step (550 kPa), dropping from 1.65 g cm − 3 (0 vol.% GR) and 1.67 g cm − 3 (10 vol.% GR) to 1.60 g cm −3 (20 vol.% GR) and 1.55 g cm −3 (30 vol.% GR), and finally to 1.43 g cm −3 (40 vol.% GR). One exception here is the variant with a gravel content of 10% by volume. Its stress-density function for the fine gravel does not differ from the gravel-free variant.
Mechanical precompression stress
At 15 kPa (log 1.16) for the "Clay", 29 kPa (log 1.46) for the "Silt Loam" and 30 kPa (log 1.48) for the "Sandy Loam", the mechanical precompression stress levels in the samples which have no gravel are very low overall (Fig. 4) . In all three textural classes of fine earth, gravel content levels of 10% by volume merely result in a tendency towards increased precompression stress (+ log 0.03 to 0.13). In the "Clay", gravel content levels of 20% by volume only result in a slight tendency towards increased precompression stress (+log 0.23), and in the "Silt Loam" and "Sandy Loam" they contribute significantly Fig. 2 . Mean logarithm stress-total bulk density functions at −6 kPa matric potential for the disturbed samples (8 replications) at different gravel contents (GRs) and the fine earth texture class "Clay"; error bars show the standard deviation. Fig. 3 . Mean logarithm stress-fine earth bulk density functions at −6 kPa matric potential for the disturbed samples (8 replications) at different gravel contents (GRs) and the fine earth texture class "Clay"; error bars show the standard deviation. to an increase (+log 0.18 and 0.36 respectively). Not until gravel content reaches levels of 30 and 40% by volume does precompression stress increases considerably for all three textural classes of fine earth (+log 0.51 to 0.63 at 30 vol.% and +log 0.74 to 0.85 at 40 vol.%), and generally this increase is disproportionately higher than the increase in gravel content. In none of the fine earth textural classes used does the precompression stress values calculated for the whole soil and the fine earth differ from each other. For this reason, we have refrained from providing a separate presentation of the precompression stress determined using the stress-density functions of the fine earth. For the three textural classes of fine earth in this study, the logarithmic change in precompression stress (Δlog σ P ) compared to the gravel-free soil can be estimated, depending on gravel content (GR) of up to a maximum of 40% by volume, according to the following equations: 
In the "Silt Loam", the shape of the added gravel influences precompression stress (Table 2) . With an angular to subangular shape, precompression stress is significantly higher than with a subrounded to rounded shape. In contrast, however, in the "Clay" and "Sandy Loam" precompression stress is not influenced by the shape of the gravel.
Gravel content in naturally structured soil samples
The experiments at the Rastenberg site allow the disturbed samples to be compared with a natural context. Fig. 5 demonstrates three typical stress-bulk density functions at − 6 kPa matric potential with increasing gravel content. Similarly to the disturbed samples, the global shape also changes from an S-shape to a more bi-linear form. The total bulk density of the soil, however, increases from an average of 1.18 g cm −3 (no gravel) to approximately 1.50 g cm −3
in the soil core samplers with the highest gravel contents (Fig. 6) . Here, the bulk density of the fine earth remains constant at around 1.17 g cm −3 for the entire range of gravel content levels. While at the highest loading step the fine earth bulk densities in the disturbed samples decrease as gravel content rises, at the Rastenberg site no change in fine earth bulk density can be observed. Unlike in the artificially produced samples, as the gravel content level increases there are also slight increases in sand content, (r = 0.71, p = 0.02), organic carbon content (r = 0.57, p = 0.08), calcium carbonate content (r = 0.95, p b 0.001) and the pH value (r = 0.72, p b 0.02) of the fine earth. By contrast, fine earth silt levels drop as gravel content increases (r = − 0.64, p = 0.05). Precompression stress in the whole soil also increases continuously with gravel content at the Rastenberg site, from 8 kPa (log 0.92) to 55 kPa (log 1.74) (Fig. 7) . The standard deviation of the measured precompression stress values from the regression function calculated in Fig. 7 is log 0.25. Thus overall it lies within the upper range of standard deviations that were identified for each of the gravel content levels in the disturbed samples (log 0.05 to log 0.25) (see Fig. 4B ). Moreover, at comparable gravel content levels of up to 30% by volume in the soil type "Silt Loam", precompression stress in the disturbed samples increased in a non-linear manner, and only by around log 0.30. As was the case with the disturbed samples, there are no differences between the precompression stress levels of the fine earth and those of the whole soil.
Discussion
Bulk density of the fine earth and of the whole soil
With its natural soil structure, the experiments at the Rastenberg site showed that, up to a gravel content of around 25% by volume, Table 2 Logarithm precompression stress (log σ P ) for different shapes of gravel and the different fine soil texture classes at 30% gravel content by volume. Different lower case letters indicate significant differences between the gravel shapes (p b 0.05). Bulk density (g cm -³)
Fine earth bulk density BD fe = -0.001 * GR + 1.177; R 2 = 0.03, p=0.45
Total bulk density of the soil BD t = 0.014 * GR + 1.177; R 2 = 0.87, p<0.001
Fine earth bulk density at 550 kPa stress BD fe 550 = 0.004 * GR + 1.55; R 2 = 0.15, p=0.10 Fig. 6 . Relation between gravel content by volume (GR) and fine earth bulk density (BD fe ), total bulk density of the soil (BD t ) and fine earth bulk density at 550 kPa stress (BD fe 550 ) for the test site Rastenberg.
fine earth bulk density remained virtually constant while the total bulk density of the soil steadily increased. The increase in the dry bulk density of the whole soil can, therefore, be explained solely by the higher particle density of the gravel compared to the bulk density of the fine earth. As silt content decreased and sand content increased in the fine earth, an increase in fine earth bulk density might even have been expected (Kaufmann et al., 2010) , although this is not seen here. In the tests on disturbed samples the increase in the dry bulk density of the whole soil as gravel content rises can be explained solely by the gravel's higher particle density in comparison to the bulk density of the fine earth. Overall, this paper confirms studies by Poesen and Lavee (1994) which also describe constant fine earth bulk densities and increasing whole soil bulk densities up to a gravel content of approximately 30% by mass (which corresponds to around 20% by volume). Beyond these gravel content levels, both fine earth bulk density and whole soil bulk density drop again (Poesen and Lavee, 1994) . Gravel contents of above 25% by volume were not, however, found at the Rastenberg site. Poesen and Lavee (1994) discuss various causes for the drop in fine earth bulk density when gravel content is high. For instance, the presence of gravel can cause soil organic matter to become concentrated in the finer soil. The higher proportion of organic matter with a comparatively low matter density thus reduces the bulk density of the fine earth. At the Rastenberg site, no evidence was found of a correlation between fine earth bulk density and the level of organic matter, although the amount of organic matter identified in the fine earth measuring b 2 mm tended to increase with gravel content. This is confirmed by the higher concentration in the fine earth. A mixture of two different particle sizes made of fine earth and gravel can also react in different ways to expansion and contraction, for example during cycles of drying and re-moistening (Poesen and Levee, 1994) . This causes the active formation of microstructures, but only in the fine earth. There is no indication of this at the Rastenberg site. In the trials using disturbed soil samples, levels of soil organic carbon as well as the fine earth bulk densities were kept equal in all variants of the respective soil textural class, and processes of structural formation may be ruled out here. Nevertheless, the higher the gravel content level, as the compressive stress increases compaction decreases in the fine earth. This is presumably caused by the direct effect gravel has on reducing compaction, because, as gravel content increases, the loads applied to the soil are transferred more and more through the contact points in the gravel. The gravel thus acts as a supporting frame, helping to distribute stress throughout the soil. In the case of very high gravel content levels, this is facilitated by the fact that there is no longer enough fine earth in the spaces between the gravel particles to become more heavily compacted. Saini and Grant (1980) as well as Ravina and Magier (1984) have already reported on similar effects of reducing compaction that accompany an increased gravel content.
Precompression stress
Only a small number of compaction damage concepts and model estimates of precompression stress incorporate gravel content into their evaluation. Regardless of soil textural classes and the initial level of precompression stress, in their evaluation approach Horn and Fleige (2003) ascertain additions to precompression stress in a stone-free soil of 30 kPa at 10-25 vol.% gravel, 60 kPa at 25-50 vol.% gravel, 90 kPa at 50-75 vol.% gravel and 120 kPa at more than 75 vol.% gravel. The article lacks measurement data that underlie these additions as well as any indication of their origins. Compared to the results presented here, giving details of these additions using the unit 'kPa' seems disadvantageous, because precompression stress with the unit 'kPa' does not increase in a linear manner as gravel content levels rise. On the other hand, a uniform approach with no differentiation according to different soil types seems justified. This is because in the trials presented here -for the disturbed samples, at least -there are also only slight differences in the soils' fundamental behaviour. In our experiments, differentiations only exist in the case of significant effects above 20 or 30% by volume as well as in the extent of the continued increase in precompression stress (exponential instead of linear increase).
However, in multiple regressions Kaufmann et al. (2009) found a negative correlation of gravel content level and precompression stress. They reason that if gravel content increases but the void ratio remains constant, then this leads to a higher void ratio in the fine-textured soil. The fine earth thus becomes less stable; according to Kaufmann et al. (2009) , only when the gravel content is high enough and distributed evenly does this lead to an increase in precompression stress, by way of a 'lattice effect'. However, at a maximum of 13.7% by mass, the gravel content levels in the experiments by Kaufmann et al. (2009) were too low overall. The results presented here show significant increases in precompression stress for gravel content levels above approximately 15-20 vol.%. It is only then that the gravel content can act as a supporting framework, taking on part of the stress applied to the soil without the soil becoming compacted. However, when comparing these results with those of Kaufmann et al. (2009) it should be noted that in our study only gravel content is variable, while other factors, such as void ratio in the fine-textured soil, were variable in Kaufmann et al. (2009) .
Ultimately, in order to use regression models to estimate precompression stress for soils containing gravel, it is probably worth using fine earth density for such a calculation. On this basis, the effect of gravel can be calculated separately, for instance using Eqs. (4)-(6).
Overall, the increasing precompression stress seen as gravel content level rise can largely be attributed to the stress-bulk density functions -particularly the virgin compression lines -shifting towards higher stresses. This is especially apparent for the stress-bulk density functions of the fine earth. Here, there is an analogy between the changed stress-strain behaviour and the increase in precompression stress when soil water content decreases. The latter is often also associated with a shift of the virgin compression lines, and moreover with a change in their slopes, or a combination of the two (Rücknagel et al., 2012b Logarithm precompression stress (kPa)
Logarithm precompression stress (kPa) log σ P = 0.033 * GR + 0.917; R 2 = 0.59, p<0.001 Fig. 7 . Relation between gravel content by volume (GR) and logarithm precompression stress (log σ P ) at −6 kPa matric potential for the test site Rastenberg.
The study presented here cannot sufficiently answer the question of the extent to which a gravel's shape can influence precompression stress for equal gravel content levels and size distributions. Hamidi et al. (2011) found higher shear resistance of angular gravel shapes when compared to rounded shapes. Hence a higher compressive stress would be necessary to move the angular corners of the limestone gravel. As a result, the point of greatest curvature of the stress-bulk density function should shift towards higher stress, with precompression stress thus increasing. However, this was only observed in the "Silt Loam". Accordingly, gravel shape only seems to have an effect depending on the particular type of fine earth.
Finally, from a methodological perspective it should be noted that the mean weighted diameter of the gravel in the natural samples from the Rastenberg site is slightly greater than in the experiments carried out on the disturbed samples. Therefore the size ratio specified by Holtz and Lowitz (1957, as cited in Donaghe and Torrey, 1994) of the gravel diameter -in particular to the height of the soil core sampler -is not quite achieved. It follows that the linear increase in precompression stress (log) and its variation at the Rastenberg site could also have been influenced by the size of the soil core samplers. The low height of the soil core samplers may have led to reduced soil settlement, because the stones were less able to shift downwards. Consequently, the stones' supporting effect in the soil core sampler would likely be greater than it would otherwise be in a natural setting. Also, although the greatest care was taken when extracting the samples, it is not possible to completely rule out structural disturbances, particularly in those soil core samplers with higher gravel contents.
At the Rastenberg site, the fine earth properties are not constant as gravel content increases. For instance, sand content, the level of soil organic carbon and the pH value of the fine earth increase with gravel content. By contrast, fine earth silt levels drop. Experiments by Imhoff et al. (2004) and Saffih-Hdadi et al. (2009) have shown that textural properties and, above all, clay content, influence precompression stress. But the variation at the Rastenberg site is so slight that all of the samples were classified as the soil type "Silt Loam". The amount of soil organic carbon, however, has no significant influence on precompression stress (Imhoff et al., 2004) , and increasing pH values (Chaplain et al., 2011) tend to result in a reduction of precompression stress. At natural sites, it is not always possible to clearly separate the effects mentioned of these soil properties from the influence of gravel. Nonetheless, overall the natural samples confirm the change in precompression stress with gravel content.
Conclusions
High gravel content levels of more than 15-20% by volume act as a supporting framework, thus protecting the fine earth considerably from compaction, and they also increase precompression stress substantially. For these soils with higher gravel content, at least, consideration should be given to gravel content when assessing their susceptibility to compaction damage. Failure to do so could otherwise result in miscalculations of mechanical load capacity. On the other hand, in soils with low gravel contents of less than 10% by volume, the gravel's effect of reducing compaction requires somewhat less consideration. With regard to the impact of a gravel's shape on precompression stress, no clear conclusions can be drawn from these experiments. Here there appears to be considerable interdependency with the texture of the fine earth, and future investigations should aim to shed light on this.
